Recent years have seen a powerful revival of fluorescence microscopy techniques, both to observe live cells and fixed objects. The limits of sensitivity, simultaneous detection of multiple chromophores, and spatial resolution have all been pushed to the extreme. Therefore, it is essential to improve in parallel the quality of the structural and antigenic preservation during fixation and immunostaining. Chemical fixations are broadly used but often lead to antigenicity loss and severe membrane damages, such as organelle vesiculation. They also must be followed by membrane permeabilization by detergents or solvents, which can lead to extensive extraction and cytosol leakage. Fixation with solvents bypasses the need for permeabilization, but when carried out at "high" temperatures, leads to severe extraction of soluble proteins and lipids and cytosol wash-out, and has therefore been used routinely to visualize the cytoskeleton. Here, we describe a few modifications to the common aldehyde fixation protocol that help decrease the usual artifacts induced by chemical fixation. Alternatively, new techniques have now been established that are based on rapid freezing using a variety of coolants followed by fixation in solvents at low temperature. We present detailed protocols and notes that allow the achievement of optimal preservation and permeabilization for both light and electron microscopy.
Introduction
Recent years have seen a powerful revival of fluorescence microscopy techniques (1), both to observe live cells and fixed objects. The limits of sensitivity, simultaneous detection of multiple chromophores, and spatial resolution have all been pushed to the extreme (2). Nevertheless, very often, preparation of cells or tissues for immunocytochemistry, whether for light or electron microscopy (EM), takes its inspiration from cooking and witchcraft. All the recipes have in common the aim of solving the three major problems of preservation of antigenicity, preservation of native structure, and accessibility of the antigen. Despite about half a century of mostly empirical approaches, no optimal solution has been uncovered; instead, painstaking trial-and-error procedures are needed to determine the technique "best" suited to each particular case. It is not within the scope of this chapter to present an exhaustive theoretical and experimental list of the possible approaches and strategies, but the reader is advised to seek wisdom in such textbooks as the one from Gareth Griffiths (3) and further work from the authors. No panacea can be offered, but only a guide to the steps that can be optimized to reach the best compromise between the three parameters mentioned previously.
Briefly, in classical methods, fixation is responsible for the degree of preservation of both structure and antigenicity. Very often the improvement of one parameter is inversely proportional to the loss of the other: use of increased concentrations of aldehydes leads to better preservation of structure, but chemical modification of proteins (and other molecules) destroys the antibody binding sites. The same is generally true when switching from formaldehyde to glutaraldehyde, and most of the additives used in EM (osmium tetroxyde and other empirically selected chemicals) are deleterious to antibody recognition. Even when the optimal compromise between antigenicity and structure has been defined, accessibility remains a hurdle that is most often overcome by the use of detergents that either selectively or generically solubilize membrane lipids and create pores in the membranes. There is an empirical gradation from mild detergents (often specific to some lipids, e.g., sterols, such as digitonin and saponin) to stronger ones, such as Triton X100 or similar nonionic detergents. Depending on the strength of the fixation method used, detergents can remove or solubilize proteins and other small molecules, generating (sometimes desired) additional artifacts.
An alternative strategy has slowly emerged that bypasses the need for chemical denaturation of proteins and the use of detergents, namely the immobilization by freezing. Obviously, this approach has some drawbacks, mainly in the more sophisticated equipment needed, but offers serious advantages. Because the immobilization of all biological processes and biochemical machines happens almost instantaneously (at least one to two orders of magnitude faster compared with chemical fixations), there is little time for modification of the native structure. The major enemy is the formation and growth of ice crystals that leads to the appearance of artifactual hexagonal patterns inside the cell or organelles. Therefore, the ultimate goal of all the methods used-slamming against supercooled copper blocks, high-pressure freezing, and freezing on coverslips-is to generate amorphous ice. Whereas the first two methods can lead to several 100-µm thick, crystal-free samples, the rapid freezing on coverslips is limited to cell monolayers of up to 10-15 µm thickness. The use of coolants such as liquid ethane has been shown to lead to excellent structure preservation when followed either by freeze substitution in solvents such as acetone or methanol or by resin embedding, but is rarely compatible with antigen detection. The most popular method for immuno-EM is likely the Tokuyashu method (4, and references therein), in which frozen sections are thawed and incubated with antibodies before visualzation, leading to remarkable antigenicity preservation; however, with this method, structure preservation is usually minimal. Recently, alternatives have been developed that take advantage of rapid cooling, either in liquid ethane for EM fine structure preservation or in methanol for light microscopy level preservation (5), and which are followed by fixation by coagulation or precipitation as a consequence of replacing the water by solvent around proteins and other molecules. This fixation results in excellent preservation of antigenicity, and precise temperature control can lead to graded levels of lipid extraction and thus of permeabilization, making the use of detergents unnecessary (5,6).
In summary, depending on the degree of structure and/or antigenicity preservation needed, the choice of the appropriate technique must be carefully tailored.
Here, we present a robust, rapid-freezing, methanol fixation-permeabilization method and an alternative chemical fixation that is well adapted to Dictyostelium (an illustration of the results obtained can be found in Figs. 2 and 3 , discussed later). It is also worth noting that optimization of the method is dependent on the structrure and the antigen that one uses to judge the improvements. We strongly recommend labeling with a contractile vacuole, as this is arguably the most complex and beautiful organelle in Dictyostelium. The preservation of its delicate structure, made of interconnected bladders and a reticular tubular network, is an excellent "standard meter" with which to monitor the efforts. Finally, use of 4',6-diamidino-2-phenylindole (DAPI) to stain nuclear DNA allows one to monitor the formation of hexagonal ice that might result from suboptimal freezing conditions inside the otherwise homogeneously stained nucleus. Fig. 1 ): Alternatively, a styrofoam box with aluminium cups and racks can be used, similar to the one used in item 1. It should be placed in a -80°C freezer, taken out only briefly before plunging the coverslips (see Subheading 3.3.), and left at room tempera- Fig. 1 . Schematic drawing of the Dewar setup used for rapid freezing and ultracoldmethanol fixation (see Subheading 3.3.). A metal chamber with an opening at the bottom is placed over a Dewar filled with liquid nitrogen. The temperature is controlled by varying the flux of liquid nitrogen vapor through the opening (A). The chamber is cooled to -85°C with the methanol-filled cups and racks (B) before the coverslips, with cells on top, are plunged at an angle of 15° (Φ) and transferred to the rack (C). Details of the coverslip rack are shown schematically in D. Next, the temperature is raised to -35°C in about 30 min (E) and the coverslips are transferred to PBS at room temperature (F). The methanol is diluted by moving the coverslip through the air-water interface (G).
Equipment
ture until the methanol reaches -35°C (see also Chapter 21). 4. Humid chamber: a humid chamber for immunostainings is easily made out of a large (20-cm diameter) Petri dish with a glass lid. The bottom is covered with clean Parafilm before each incubation, and paper towels soaked in water are pressed at the periphery. A dark bench coat facilitates visualization of coverslips, and a light-tight cover can be placed on top to prevent photobleaching.
Methods
A comparison of the results achieved using the different fixation procedures described are shown in Figs. 2 and 3. 
Preparation of Coverslips and Cell Plating
Coverslips are usually cleaned as follows:
1. Place 100 glass coverslips (or fewer if expensive sapphire is used) in a glass beaker, with a glass dish as a lid to prevent splashing. 2. Immerse in a solution of 50% nitric acid in dd-H 2 O and incubate at room temperature for 2 h under a fume hood, swirling gently from time to time. 3. Decant the acid solution (can be re-used) and replace with an ample volume of dd-H 2 O to rinse beaker and coverslips; swirl gently for a few seconds and decant. 4. Repeat 5-10 times and follow with two similar rinses in pure ethanol. 5. Dry the coverslips in a microwave at full power until the coverslips are completely dry. Use a glass dish as a lid to prevent coverslips from "popping" out of the beaker. 6. Place the coverslips in a box, between layers of paper tissues. With this treatment, we usually do not need to sterilize the coverslips by autoclaving before plating the cells. Also, autoclaving sometimes induces coverslip bending. 7. Place up to eight coverslips at the bottom of a 6-cm diameter plastic dish, and plate cells at an adequate density so as to reach 70-80% confluency after overnight growth. 8. Before fixation, cells can be treated as necessary, for example by feeding fluid phase markers or particles.
Rapid Freezing in Liquid Ethane
This step is necessary for achieving the highest degree of structure preservation, and is useful for observation of delicate and/or transient structures. This is Fig. 2. (opposite page) Effects of fixation on structure preservation. Fluorescence microscopy of Dictyostelium discoideum cells stained against the vacuolar H + -ATPase in order to visualize the contractile vacuole system. Each row of images represents three maximum intensity projections of equal number of optical sections through one cell. The total number of sections for A-C was 21; for D-F and G-I it was 18. Stack pictures were taken using a Leica, AS MDW-widefield microscope equipped with a 100× objective on a piezo z-positioner and a charge-coupled device camera. Raw fixations [D-I] , 0.1% Triton X100 in blocking solution), the monoclonal, primary anti-VatA antibody was used at a dilution of 1:10 and, subsequently, the secondary antibody, anti-mouse IgG Alexa 594 (Molecular Probes), was diluted 1:1000. All three fixation approaches show similar antigenicity preservation but clear differences in structural conservation of the contractile vacuole system. In the specimen fixed in ultracold methanol, a main vacuole (indicated by "*") can be distinguished from a tubular (arrows) and vesicular system. In the other fixation approaches, the contractile vacuole network has mainly vesiculated (parallel arrows in D indicate vesiculated tubule) and poor structural preservation is demonstrated. Scale bar = 5 µm. C-D) or 4% PAF and 0.12% glutaraldehyde. Permeabilization, blocking, and staining were performed as for Fig. 2 . Antibodies were diluted as follows: antiVatA at 1:10, anti-CatD at 1:500, and anti-mouse IgG-Alexa594 and anti-rabbit IgG Alexa488 at 1:1000. The different fixations show varying degrees of antigenicity preservation. Fixation with glutaraldehyde masks antigens for both antibodies (E,F) and usually not necessary for standard immunofluorescence microscopy, but is essential for EM-level immunocytochemistry.
1. Sapphire or glass coverslips, grade 0, are either held with a tweezer or at the tip of a pipet microtip that has been lightly dipped in silicone grease. 2. Plunge coverslip in liquid ethane with the cell layer facing up, and wait a few seconds, keeping the coverslip under the ethane. 3. Transfer to ultracold methanol for fixation (see Subheading 3.3., step 2) and/or freeze-substitution.
Fixation in Ultracold Methanol
1. After the desired treatments (see Subheading 3.1., step 8 and/or Subheading 3.2.), the cells can be rinsed briefly in fresh growth medium or SB (for example, to remove excess uningested particles) if necessary. Coverslips are held with a tweezer and delicately tipped vertically on a tissue, then laid down for a second to blot the back free of liquid. Do not overdry, as cells are rapidly damaged by surface tension if the liquid film evaporates completely. 2. Plunge vertically in ultracold (-85ºC) methanol, holding the coverslip with at a 15º angle to the vertical, cell layer up, so as to maximize the flux of coolant on the back of the coverslip (see Fig. 1 for an illustration of steps 2-6). 3. Hold under methanol for a few seconds and transfer rapidly to a rack placed in a second ultracold methanol container. 4. Repeat until all of the coverslips are processed. 5. Start the warming and monitor until the temperature reaches -35ºC, in approx 30-60 min (see Note 1). 6. Transfer the coverslips one by one into PBS at room temperature. Grab the coverslips with a tweezer, lift them from the rack, and immediately plunge them vertically into a beaker of PBS. Rapid warming and removal of excess methanol is produced by five to eight quick but gentle movements through the air-buffer interface, monitoring progressive wetting of the coverslip. Do not move laterally, as it detaches the cell layer. 7. The cells can either be processed immediately or stored in PBS, for example in a multiwell dish. Fig. 3 (continued) produces massive autofluorescence (this can be quenched by incubating with 1 mg/mL of NaBH 4 in phosphate-buffered saline for 15 min, prior to blocking). The PAF fixative results in better antigenicity preservation (C,D). However, the anti-CatD labeling is very weak, and longer exposure times were necessary, thereby increasing visibility of unspecific background signals (C). Best antigenicity preservation was achieved by fixation in ultracold methanol. The anti-CatD staining reveals the strong, punctuate lysosomal staining. Note that VatA staining is also optimal in these conditions (B). Scale bar = 10 µm.
one by one on a "fresh" convex drop of mounting medium). Alternatively, mount in Fluoromount G (Southern Biotechnology Associates, USA) (see Note 10). 11. Wait until the mounting medium has hardened (optimally overnight, but can be accelerated by placing under an air flux). 12. Have fun watching the cells. The slides can be kept for months in a cold (4°C) and dark place.
Notes
1. The end T° dictates the degree of extraction and permeabilization; if less extraction is needed (e.g., staining of plasma membrane proteins facing the extracellular space), the coverslip can be taken out at -45°C or -40°C. If more extraction is required (e.g., visualization of cytoskeleton), prolong the incubation at -35°C or -30°C for some minutes. Presence of detergents is not required for subsequent immunodetection. 2. If no sucrose is added to the fixation solution, the cells can round up and many will be lost; therefore, use relatively confluent cell layers. If sucrose is added, the cells show many spikes, which do not look very natural; however, up to this point, they look healthy and stay on the coverslip. 3. The fixation should be carried out in a Petri dish (or multiwell plate, with wells at least 2 cm in diameter, to ease the manipulation of the coverslips). 4. Alternatively, block with 1X PBS containing 2% fetal calf serum and 0.1% Triton (see also below). 5. As a result of the presence of Triton X100 in nearly all solutions, surface tension is very much decreased and incubation "on a drop" might be difficult. Alternatively, it can be performed in small volumes in microtiter plates. 6. The type of blocking is dependent on the antibody, the cells, and the subsequent technique (EM or immunofluorescenece) used. Two percent fetal calf serum or a cocktail of 0.5% bovine serum albumin and 0.045% fish skin gelatin are alternatives. 7. Primary antibody incubations can be performed at room temperature or 37°C for various times-each antibody is different. It is a good idea to use hybridoma supernatants, NOT undiluted but diluted at least 1:2 in blocking buffer (buffered and blocked). 8. We have never heard of an indirect fluorescent antibody that had been overwashed, be patient! 9. Staining with DAPI (Sigma) can easily be performed between the last two washes. Incubate the coverslips for 5 min on a drop of PBS with about 1-5 µg/ mL of DAPI, and continue with the last wash. This is very useful for focusing on the cell layer when setting the microscope, in addition to being very informative with regard to cell damage during freezing. Indeed, the nuclear DAPI staining should be homogeneous (except for the dark nuclear caps of heterochromatin), and a honeycomb pattern will indicate that ice crystals have formed and, hence, structural damage has occurred. 10. Other mounting media are usable, just use one that hardens with time (e.g., Mowiol-based). Also, if photobleaching of the chromophore is a problem, include 1,4-diazabicyclo[2,2,2]octane (DABCO; Sigma) at 100 mg/mL (dissolve powder directly in the desired small amount of mounting medium, mix by inverting for some minutes, and use the same day). Some people seal the coverslip on the slide with nail polish, making it tight to microscopy oil, which otherwise can damage the preparation.
